Abstract: Patterned cholesteric liquid crystals enable the fabrication of circular-polarization sensitive, re ective di ractive optical elements based on Bragg re ection. Here we report the fabrication of large-angle re ective deector, which show de ection angles as large as 48.9°. The devices are fabricated by polarization holography, whereby two orthogonal circular polarized beams are superimposed on a photoalignment layer to create a linear modulation of the orientational easy axis. The devices show high circular-polarization extinction ratios, making them potentially useful as functional re ectors and polarization splitters.
Introduction
The recent development of nanofabrication technology has led to a surge of interest in planar optical elements called metasurfaces. Metasurfaces are composed of ne metal or dielectric structures that are typically much smaller than the wavelength of light, and show various transmission, re ection, and phase responses depending on the design [1] [2] [3] . While metasurfaces are viewed as a platform that can eventually replace conventional, bulky optics, re ective metasurface elements are often *Corresponding Author: Hiroyuki Yoshida: Division of Electrical, Electronic and Information Engineering, Osaka University, 2-1 Yamadaoka Suita, Osaka 565-0871, Japan and PRESTO, Japan Science and Technology Agency (JST), 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan, E-mail: yoshida@eei.eng.osaka-u.ac.jp Junji Kobashi, Yoshinori Mohri: Division of Electrical, Electronic and Information Engineering, Osaka University, 2-1 Yamadaoka Suita, Osaka 565-0871, Japan Masanori Ozaki: Division of Electrical, Electronic and Information Engineering, Osaka University, 2-1 Yamadaoka Suita, Osaka 565-0871, Japan, E-mail: ozaki@eei.eng.osaka-u.ac.jp opaque, limiting their usability [4, 5] . Recently, we have reported re ection-type, circular-polarization sensitive planar optical elements based on cholesteric liquid crystals (ChLCs) [6] [7] [8] [9] . ChLC is a LC phase in which rod-shaped molecules spontaneously form a helical structure, and shows Bragg re ection over a speci c wavelength range for circularly polarized light having the same helicity as the sense of the helical structure [10] . Because of this "selective re ection" behavior, they are semitransparent under ambient conditions. Although standard re ection from ChLCs is specular, the phase of re ected light can be controlled between 0-2π depending on the phase of the helical structure (hereafter referred to as helix phase). Therefore, by appropriately designing the helix phase distribution, it is possible to realize a variety of circularpolarization selective di ractive optical elements.
We have previously shown that a re ective de ection element can be fabricated by making the helix phase vary linearly along a single direction [6] . However, the angle of de ection was only 0.45°in the previous study, because of limitations in the patterning resolution of helix phase. In this study, we report the fabrication of a large-angle ChLC re ective de ector by performing polarization holography, whereby two orthogonal circularly polarized (CP) beams are superimposed on a photoaligning layer for orientation control [11] [12] [13] [14] [15] . Linear polarization gratings with a period as small as 0.84 µm were fabricated, resulting in a di raction angle of 48.9°at a wavelength of 640 nm. In line with theoretical predictions [16] , a high CP selectivity was observed, making these devices feasible as high-e ciency, semi-transparent re ectors and polarization splitters.
Experimental method . Interference exposure setup
In the previous study, we performed patterned photoalignment based on maskless polarization lithography for device fabrication [6] [7] [8] [9] . In maskless polarization lithogra-phy, a liquid crystal display (LCD) projector is used as an electronic mask and its output is projected on the sample after controlling its polarization; the photoalignment layer sets its orientational easy axis according to the polarization of the illuninated light. Although maskless polarization lithography enables arbitrary phase distributions to be implemented, the de ection angle of the de ector is limited by the resolution of a pixel, which was approximately 1.3 × 1.3 µm in the previous study. To create a deector with higher spatial resolution, we employ polarization holography, in which a polarization grating is produced by superimposing two orthogonal CP beams. The superposition of orthogonally polarized CP beams results in a beam with uniform intensity but a linearly rotating polarization state [11] . In experiment, He-Cd laser (center wavelength: 442 nm) was expanded to approximately 6 mm using a pair of lenses (f = 40 mm and 100 mm), and then converted into right circularly polarized (RCP) light using a polarizer and a quarter wave plate. After passing through the sample, the beam was re ected by a polarization preserving mirror composed of a photopolymerizable ChLC lm (with a blue re ection band at 440 nm). When two counter-propagating beams with the same circular polarization are superposed, a standing wave is generated in which the angle of linear polarization continuously rotates along the beam direction [15] . By placing the recording medium (sample) in the optical path at an angle, a polarization grating can be transcribed onto the medium. The period of polarization grating, Λ, is given by Λ = λ/2sinγ, where λ is the laser wavelength and γ is the angle of the sample (hereafter referred to as the interference angle).
A glass substrate covered with an azobenzene-dyebased photoalignment agent (LIA-03, DIC), which sets its orientational easy axis perpendicular to the polarization angle, was inserted in the optical path. The interference angle was controlled to be γ = 5, 10, and 15°, which yields theoretical grating periods of Λ theory = 2.53, 1.27, and 0.85 µm, respectively. After exposure, a ChLC lm was fabricated on the substrate by spincoating. A right-handed ChLC monomer solution was prepared by mixing a photocurable monomer (BASF, LC242), a photocurable chiral monomer (BASF, LC756), photoinitiator (BASF, Irgacure 819), and leveling agent (BYK, BYK-361N) at a weight ratio of 96.15:3.85:0.01:0.0005, and dissolving in methyl ethyl ketone at a concentration of 27%. After spincoating at 500 rpm for 5 sec and 3000 rpm for 30 sec, the solution was left for 3 min at 25°C and heated for 4 min at 80°C for drying. The precursor was photopolymerized by irradiating UV light (365 nm, 100 mW/cm ) for 30 sec. The thickness of the lms were evaluated by laser scanning microscopy (Keyence, VK9710) to be~4 µm. The re ection band of the polymerized ChLC lm appeared between 600 and 670 nm.
. Evaluation of optical properties
After the fabrication process, the sample was observed using a polarizing optical microscope (POM; Nikon, Eclipse LV100 POL) in re ection mode. The re ectance spectra of the samples were also measured using a spectrometer (Hamamatsu, PMA-11) coupled to the POM by a bundled ber (core diameter: 1 mm). The incident light was linearly polarized (LP) for both measurements, and objective lenses with numerical apertures (NA) ranging between 0.1 to 0.9 were used.
The re ection characteristics of the device was evaluated by observing the re ected light pattern on a at screen placed at a distance of 15 cm from the specimen, as a collimated diode laser beam (center wavelength: 640 nm, beam diameter:~3 mm) was incident from normalcy. The polarization of the incident light was controlled by a polarizer and quarter wave plate. A 1 cm square throughhole was opened in the center of the screen so as to not block the incidence of laser light.
The angular dependence of re ected light intensity was measured according to the scheme depicted in Fig. 1 . The intensity was measured using a photodiode (Hamamatsu, S2281) placed at a distance of 40 cm from the specimen. Lock-in measurements were performed at a frequency of 400 Hz to increase the signal-to-noise-ratio. The incident angle, θ i , was varied between θ i = −14.5°to +70°b y rotating the sample, where the positive direction corresponds to the direction in which the light is de ected. The re ected light intensity was measured from 5°below the angle of specular re ection, θr(= −θ i ), to 5°above the theoretical angle of light de ection, θ d , both measured from the substrate normal direction (because the de ector is equivalent to a blazed di raction grating, the theoretical de ection angle can be obtained from the standard grating equation [17] ). In order to prevent the incident light being blocked by the photodiode, the sample was tilted by approximately 0.5°in the vertical direction. Figure 2 (d-f) shows re ection microscope images (wihtout analyzer) of the samples taken with a lowmagni cation objective lens (×4, NA = 0.10). Because of imperfections on the polarization maintaining mirror, the texture is not uniform over the entire cell, and domains that appear bright and dark are observed. The periodic textures of Fig. 2(a-c) were observed in the regions that appear dark in Fig. 2(d-f) ; this is because light that is de ected out of the NA of the objective is not captured, and consequently, the optical texture and re ection spectra vary depending on the objective lens. Figure 3 shows re ection spectra of the samples measured at the regions that appear dark using objective lenses with various NAs (0.10, 0.30, 0.60, and 0.90 corresponding to maximum collection angles of 5.7°, 17.5°, 36.9°and 64.2°). With the low NA objective, re ection is not observed for all samples. As the NA becomes larger, the samples begin to show light re ection, starting with sample with smallest γ. As will be shown later, the NA required to measure the re ection spectrum matches the theoretical de ection angle of each sample. The shapes of the re ection band are similar for the three samples studied, and high re ectivities of approximately 40% is achieved (where the theoretical limit is 50% for LP incidence). Figure 4 shows the re ected light pattern for normally incident light with various polarizations. The dashed white lines in the gures indicate the substrate normal direction. For right circularly polarized (RCP) or LP light, the laser spot is de ected to the right of the substrate normal direction. However, for left circularly polarized (LCP) light, no spot is observed, as the laser is mostly transmitted through the device. Figure 5 shows the angular dependence of re ected light intensity for normally incident RCP and LCP, where each intensity pro le is normalized to the intensity of the incident light. For RCP incidence, two sharp peaks are observed, corresponding to de ected light and specularly re ected light. The experimental de ection angles were found to be θ d,experiment =14.5°, 30.2°and 48.9°for the gratings with γ = 5°, 10°and 15°. The theoretical de ection angle is given by the following equation:
. Evaluation of the deflection angle
where θ d and θ i are the angles of de ection and incidence; λp is the wavelength of the laser; n i is the refractive index of the medium of the incident surface; and Λ is the period of the polarization grating. By substituting experimental conditions θ i = 0°, λp = 640 nm, n i = 1 and Λ theory = 2.53, 1.27, or 0.854 µm, the theoretical de ection angles are calculated to be θ d,theory = 14.7°, 30.3°and 48.5°(for γ = 5°, 10°, and 15°), in close agreement with the experimental values. The dependence of the grating period and de ection angles on the tilt angles in the fabrication process is summarized in Fig. 6 . The theoretical curve indicates that the de ection angle will exceed 90°when the period is below 637 nm; it should be kept in mind however, that at such small periods the assumption that the medium is locally uniform is no longer valid and so the re ection behavior will not be the same as for a uniformly aligned ChLC. The specular re ection observed in Fig. 5 is due to Fresnel re ection at the air and glass interface, and imperfections in the patterning, as seen in the microscope images of Fig. 3 . The di raction e ciencies of the samples for RCP were measured to be 27.8%, 31.9% and 24.1% for γ = 5°, 10°and 15°, respectively, which is considerably lower than the near-100% e ciency predicted numerically [16] . However, considering that all samples showed~40% reectance when the spectrum was measured at the region with a clear polarization grating (Fig. 4) , higher e cien- ies should be achievable by improving the interference setup to fabricate more uniform devices and applying antire ection coatings on top of the devices. reality (VR) devices and polarization splitters in wearable 3D displays [16] . Figure 7 (a) shows the angular dependence of light reection for the γ = 15°sample at various incidence angles. The incident light is RCP and the re ected light intensity is normalized to the intensity of the incident light. For all incidence angles, two peaks are observed, corresponding to specular re ection and de ection. Specular re ection occurs at θr = −θ i and therefore shows a linear shift with the incident angle, whereas the de ection angle is given by Eq. (1), and shows a di erent incident angle dependence (Fig. 7(b) ). Both peaks agree well with theoretical predictions, drawn as lines in Fig. 7(b) . In addition to the de ection angle, the re ectivity (di raction e ciency) also depends on the incident angle. This is attributed mainly to the blue-shift in the re ection band with the incident angle, but is asymmetric with regards to the incident angle because of the blaze structure. Moreover, devices with patterning pitch comparable to the wavelength of light experience averaging e ects of the refractive index. Therefore, an in-depth characterization of the re ectivity would require numerical simulations, which is planned in the future. Finally, one recognizes from Fig. 7 that the de ector acts as a retrore ector when the de ection angle is equal to the angle of incidence (θ d = θ i ). In the sample studied, this occurs at θ i = 22.1°; this optical e ect should be useful, for example, when applying these lms on windows to re ect thermal radiation from the sun back to its original direction [18] .
Conclusion
We demonstrated a circular-polarization selective, re ective de ector with large di raction angle using a ChLC by periodically patterning its helix phase. Polarization holography enables easy control over the patterning period, and devices with periods as small as 0.84, 1.24, and 2.51 µm were fabricated, resulting in a maximum de ection angle of 48.9°at a wavelength of 640 nm. Because the operation wavelength of the device is determined by the pitch of the device, broadband devices can be fabricated by stacking several lms or by creating a pitch gradient [19] . Also, the helical structure leads to strong CP selectivity, with experimental contrast ratios of >300:1 being achieved. Although the fabricated devices had di raction e ciencies small compared to theoretical predictions, improvement should be possible by optimizing the device fabrication procedure and applying anti-re ection coatings. The semitransparent nature of the devices makes them unique compared competing technologies, and potentially useful as functional re ectors and polarization splitters.
